Structural damage localisation in slab-on-girder bridges using vibration characteristics by Shih, Wai et al.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
QUT Digital Repository:  
http://eprints.qut.edu.au/ 
Shih, Henry and Chan, Tommy H.T. and Thambiratnam, David P. (2008) Structural 
damage localization in slab-on-girder bridges using vibration characteristics. In: 3rd 
World Congress on Engineering Asset Management and Intelligent Maintenance System 
(WCEAM-IMS 2008), 27-30 October 2008, Beijing, China. 
 
          © Copyright 2009 Springer 
 STRUCTURAL DAMAGE LOCALIZATION IN SLAB-ON-GIRDER BRIDGES USING 
VIBRATION CHARACTERISTICS 
H.W. Shih , T.H.T. Chan , D.P. Thambiratnam  
School of Urban Development, Faculty of Built Environment and Engineering, Queensland University of Technology, 
Brisbane, Australia 
This paper uses dynamic computer simulation techniques to develop and apply a procedure using non-
destructive methods for damage assessment in slab-on-girder bridges. In addition to changes in natural 
frequencies, this multi-criteria procedure incorporates two methods, namely the modal flexibility and the modal 
strain energy method. Using the numerically simulated modal data obtained through finite element analysis 
software, algorithms based on flexibility and strain energy changes before and after damage are obtained and 
used as the indices for the assessment of structural health state. The application of the two proposed methods in 
literature is limited to beam-type and plate-type elements separately. The multi-criteria based damage 
identification procedure is therefore developed for slab-on-girder bridges. The application of the approach is 
demonstrated through numerical simulation studies of a single-span simply supported slab-on-girder bridge with 
seven damage scenarios corresponding to type of deck damage and girder damage individually. Results show 
that the proposed multi-criteria method incorporating modal flexibility and modal strain energy method is 
effective in damage assessment in this type of bridge superstructure. 
Key Words: slab-on-girder bridges, damage detection, finite element technique, modal analysis, modal strain        
energy, modal flexibility 
1  INTRODUCTION 
Slab-on-girder bridges are one of the common structural forms for bridge superstructure. Concrete slab-on-girder steel 
bridges are frequently used for road and railway traffic. The girder span follows the direction of traffic and is used as a primary 
load bearing structure. The reinforced concrete slab is connected to the girders, thus increases the rigidity of the girders and 
provides a plane surface for live traffic. Shear connectors are used to connect the slab and the girders to ensure composite 
action. Transverse steel components or diaphragms are provided to enhance the transverse loading distribution. There are 
multi-span simply supported (MSSS) and multi-span continuous (MSC) slab-on-girder bridges account for a majority of the 
steel composite bridges. The primary difference in the MSSS and MSC bridges are the lengths and weights of typical spans, 
presence and size of gaps, and bearing configuration. The simply supported bridge has alternating fixed and expansion 
bearings supporting each deck, while the continuous bridge has expansion bearing at each abutment and fixed bearings 
between the continuous deck and pier. [1]  
tBridges are normally designed to have long life spans. Changes in load characteristics, deterioration with age, 
environmental influences and random actions may cause local or global damage to structures. Continuous health monitoring of 
structures will enable the early identification of distress and allow appropriate retrofitting to prevent potential sudden structural 
failures. In recent times, Structural health monioring (SHM) has attracted much attention in both research and development. 
SHM defined by Housner et al. [2] refers to the use of in-situ, continuous or regular (routine) measurement and analyses of key 
structural and environmental parameters under operating conditions, for the purpose of warning impending abnormal states or 
accidents at an early stage to avoid casualties as well as giving maintenance and rehabilitation advice. SHM encompasses both 
local and global methods of damage identification [3]. 
Fast computers and sophisticated finite element programs have enabled the possibility of analysing hitherto interactive 
problems in structural engineering while simplifying the analyses of other problems. This paper uses dynamic computer 
simulation techniques to develop and combine two non-destructive damage detection methods for damage assessment in slab-
on-girder bridges. These methods called the modal flexibility method and the modal strain energy method, which are based on 
the dynamic characteristics of natural frequencies and mode shapes and their variations with the state of the health of the 
structure. The application of the two proposed methods in literature is limited to beam-type and plate-type elements separately. 
The multi-criteria based damage identification procedure is therefore developed for slab-on-girder bridges. The application of 
the approach is demonstrated through numerical simulation studies of a single-span simply supported slab-on-girder bridge 
with seven damage scenarios corresponding to type of deck damage and girder damage individually.  
2  THEORY 
2.1 Modal Flexibility Matrix 
The modal flexibility matrix includes the influence of both the mode shapes and the natural frequencies. It is defined as the 
accumulation of the contributions from all available mode shapes and corresponding natural frequencies. The modal flexibility 
matrix associated with the referenced degrees of freedom can be established from Eq. (1) found in Huth et al. [4]. 
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where [ ]F  is the modal flexibility matrix; [ ]  the mass normalized modal vectors; and 2[1 / ]!  a diagonal matrix 
containing the reciprocal of the square of natural frequencies in ascending order. 
The modal contribution to the flexibility matrix decreases as the frequency increases, i.e., the flexibility matrix converges 
rapidly with increasing values of frequency. From only a few of the lower frequency modes, therefore, a good estimate of the 
flexibility can be made. The change in the flexibility matrix [ ]F#  due to structural deterioration is given by           
[ ] [ ] [ ]d hF F F# " $                                                           (2) 
where the index ‘h’ refers to the healthy and the index ‘d’ to the damaged state. Theoretically, structural deterioration 
reduces stiffness and increases flexibility. Increase in structural flexibility can therefore serve as a good indicator of the degree 
of structural deterioration. 
2.2 Modal Strain Energy Based Damage Index 
Deterioration of a structure results in a reduction of its stiffness which causes the changes in modal strain energy. The 
damage localization method is based on the relative differences in modal strain energy between an undamaged and damaged 
structure. Information required in the identification are the measured mode shapes and elemental stiffness matrices, only 
without knowledge of the complete stiffness and mass matrices of the structure. The equation used to calculate the damage 
index ji% for the j-th element and i-th mode of a beam is given below [5].   
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To account for all available modes, a single indicator for each location along the beam is given by 
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where jiNum = numerator of ji%  and jiDenom = denominator of ji% in Eq. (3) 
The complete derivation of the damage indicator for beam and plate are given in references [4], [5] & [6]. 
3  METHOD 
As a single damage indicator is not reliable, especially in the case of multiple damages, a damage multi-criteria approach 
which involves (1) change of frequency f# , (2) change of flexibility matrix F# and (3) change of modal strain energy are used 
in the damage assessment of slab-on-girder bridges. Initial coupled beam-like and plate-like structures are first defined and 
developed as finite element (FE) models and their modal responses are obtained using the FE software package SAP2000. 
Additional FE models with seven damage scenarios are selected for investigation. The primary modal parameters such as 
natural frequencies & mode shapes of the first five modes of these models, before and after damage in seven scenarios are 
extracted from the results of the FE analysis. These parameters are then used to determine the change of flexibility and the 
changes modal strain energy and thereby assess the healthy state of the test structure. The peak values of the damage parameter 
above the defined damage limit in each method indicate the corresponding simulated damage location. The accuracy of the 
damage detection method is then evaluated through observations of the plots. Detailed descriptions of the finite element model 
and simulated damages cases on a slab-on-girder bridge are described below. 
3.1 Finite Element Modelling of Composite Girder Bridge 
A slab-on-girder steel bridge is conducted in this study. The superstructure used as the basis for the investigation is a zero-
skew, single span slab-on-girder system with 1.2m wide deck consisting of two steel plate girders spanning 1.8m. The steel 
slab thickness is 3mm and the spacing between twin-girders is 0.8m. To provide the lateral restraint required for the 
development of transverse bending stiffness of the slab and the stability for twin-girders, steel diagonal bracings are installed 
over end bearing. The general modelling scheme for bridge is depicted in Figure 1.  The details and geometry for the bridge are 
listed in Table 1. The bridge details are so selected as it is planned to construct a laboratory model with the same details for 
further studies. Both bridge deck and girders are modelled as shell elements. The deck and each girder are divided into 216 & 
108 elements respectively. Steel diagonal bracings at the two exterior support lines are modelled as truss elements. Shell 
elements are widely used to idealize the bridge deck since behaviour of this structural component is governed by flexure and in 
this case a mesh of shell elements is computationally more efficient when compared to one of solid elements. It is assumed that 
there is a complete connection between the girders and slab. Twin-girders having the same span are simply supported at their 
ends, rotations in all directions are allowed in order to simulate the boundary conditions. Minimum restrains are assigned for 
longitudinal and transverse movement while vertical restraint is placed at the supports. [7]     
 
 
 
A total of 7 damage cases are investigated for the damage identification on superstructure. The first three damage cases 
involve deck damage only and the last four cases for girder(s) damage only which are shown in Figure 2 & 3 respectively. 
Damages on deck is simulated by reducing the elastic modulus (E) of selected elements, while damage on the girder is 
simulated by removing selected element with the size of 100 mm x 50 mm from the bottom of the girder. The corresponding 
reduced stiffness for the selected deck and girder damage elements are 0.5E and 0.6Ig respectively, in which Ig is the gross 
second moment of area. In damage cases 1 & 2, one damage element are simulated on the deck at the mid-span and quarter-
span respectively. In damage case 3, two damage elements are simulated on the deck, one located at the mid-span and the other 
at edge. In damage cases 4 & 5, one damage element are simulated on the right ‘R’ girder (y=0.2m) at the quarter-span and 
mid-span respectively. In damage case 6, two damage elements are both simulated on the ‘R’ girder, one at the mid-span and 
the other at quarter-span. In damage case 7, a total of two damage elements are simulated on both girders, one on the ‘R’ girder 
at the quarter-span and the other on the left ‘L’ girder (y=1.0m) at the mid-span.   
Table 1 
Geometric and material properties of deck and girder                
Flexural member Deck (2D) Girder (2D) 
Element type Shell Shell 
Material Steel Steel 
Length 1800 mm 1800 mm 
Width 1200 mm 3 mm 
Depth 3 mm 300 mm 
Poisson's ratio 0.3 0.3 
Figure 1. Isometric view of FE model 
  
Figure 2. Damage case D1-3 for slab 
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Figure  3. Damage case D4-7 for girders 
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4  RESULTS AND DISCUSSIONS 
To explore the dynamic characteristics of the bridge and evaluate the feasibility of the two proposed damage identification 
algorithms, the first five natural frequencies and mode shapes are extracted from the modal analysis of SAP2000. No structural 
damping is used in the free vibration analysis. Since the main purpose of this study is to analyse bridge superstructure, the 
influence of substructures, such as bearings, piers and abutments, is not considered. An assumption is also made that the mass 
of the deck and girders does not change appreciably as a result of the damage. Firstly, a frequency analysis is conducted for 
comparison of the undamaged and the damaged structure to achieve damage alarming objective. The natural frequencies of the 
first five modes of slab-on-girder system before and after damage in seven scenarios obtained from the FE analysis results are 
shown in Tables 2. It appears that the dynamic behaviour of bridge is governed by vertical bending modes in the frequency 
range of 0-26 Hz. The fundamental frequency is the vertical bending modes mode exhibiting a natural period of 0.09s. It is also 
found that the first five modes involved both slab and girders vibrations which include vertical bending of slab and buckling of 
girders.   
In order to relate the location and severity of damage with damage-caused frequency change level, frequency change ratios 
for all the damage cases are calculated. The frequency change ratio for the i-th mode caused by damage is defined as                            
*
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where if  and
*
if are computed natural frequencies for the i-th mode of the intact structure and the damaged structure, 
respectively. The frequency change ratios using Eq. (5) are listed within brackets in Table 2. 
Table 2 
Natural frequencies from FEM for slab-on-girder bridges (Percentage changes wrt to the undamaged conditions are listed 
within brackets) 
Situation 
Mode 1 
ƒ1 (Hz) 
Mode 2 
ƒ2 (Hz) 
Mode 3 
ƒ3 (Hz) 
Mode 4 
ƒ4 (Hz) 
Mode 5 
ƒ5 (Hz) 
Original 11.06 17.58 18.01 23.67 25.54 
D1 11.02 (-0.33) 17.58 (-0.01) 18.01 (-0.02) 23.65 (-0.11) 25.54 (-0.02) 
D2 11.04 (-0.16) 17.54 (-0.27) 18.01 (-0.01) 23.64 (-0.15) 25.54 (-0.01) 
Deck 
damage 
D3 11.02 (-0.40) 17.55 (-0.21) 18.01 (-0.03) 23.56 (-0.49) 25.53 (-0.05) 
D4 11.07 (0.10) 17.60 (0.10) 18.08 (0.38) 23.65 (-0.08) 25.72 (0.71) 
D5 11.11 (0.41) 17.55 (-0.19) 18.18 (0.93) 23.72 (0.22) 25.42 (-0.46) 
D6 11.12 (0.51) 17.57 (-0.06) 18.25 (1.32) 23.71 (0.15) 25.61 (0.27) 
Girder(s) 
damage 
D7 11.12 (0.51) 17.57 (-0.07) 18.24 (1.29) 23.71 (0.14) 25.60 (0.23) 
 
Based on the observation in all damage cases, the frequency change ratios corresponding to the locations and severity of 
damage rated as “High”, “Middle” and “Low” are summarised in Table 3. It is noted that high damage severity in deck cause 
higher frequency change ratio in the first mode compared with low damage severity. Also the damaged elements located at 
mid-span of deck cause higher frequency change ratio in the first mode than at quarter-span. Similar conclusion found on 
girders as well. 
 
 
 
 
 
 
Table 3 
The relationship between fundamental frequency change ratio and damage severity with certain locations 
on deck and girders 
Damage case 1 damage  
(at quarter-span) 
1 damage  
(at mid-span)
2 damage  
(1 at quarter & 1 at mid-span) 
Deck damage (D1-3) Low Medium High 
Girder(s) damage (D4-7) Low Medium High 
 
4.1 Modal Flexibility Change (MFC) 
After taking a frequency analysis, the first five natural frequencies and associated mode shapes obtained from the 
eigenvalue analysis results are used to calculate the MFC by using Eqs. (1) & (2).  Plots of MFC on deck for damage cases 1 & 
3 are shown in Figure 4(a) & (b). The peak values of the plots indicate the damage location on deck. In Figure 4(a), there is a 
single peak occurs at the mid-span which makes good agreement with the damage pattern in case 1. In Figure 4(b) there are 
two un-equal peaks which corresponding to the 2 damage elements on the deck in damage case 3. Plots of MFC on deck for 
damage cases 6 & 7 are shown in Figure 4(c) & (d). It is expected that there is no distinguish peak(s) for intact deck as plots of 
MFC are randomly distributed on the intact deck without clear peaks. 
The plots of MFC along the twin-girders for damage cases 1 & 3 are shown in Figure 5(a) & (b). As it can be seen that the 
two curves in each figure corresponding to the twin-girders (y=0.2m & 1.0m) fluctuates in a range of 0 to 11x10-12 m/N, and 
they shift almost in the same frequency content. It is believed that the shape of the curve is originally from the half-sine 
vibration mode of intact beam element alone. The distortion part of the curve derived from the half-sine wave is due to 
interference by the damaged element on deck and also the connection effect of beam and deck system. The plot of MFC along 
the girders for damage cases 6 & 7 is shown in Figure 5(c) & (d). As intact deck does not intervene much on modal vectors of 
damaged girders, thus a comparatively smooth half-sine wave curves are obtained along the girders.  
A total of 14 MFC curves corresponding to damaged and undamaged twin-girders in seven damage cases are plotted in 
Figure 6 for comparison of amplitude. It is observed that all damaged girders have higher maximum amplitude of curve 
compared to the undamaged girder. Due to this fact, a damage limit on the MFC which depends on the damage level to be 
detected is defined at 20x10-12 m/N in order to localize all damage zones on twin-girders. A peak or abrupt change of the curve 
with amplitude exceeded the defined damage limit means damage occurs at that particular location. As expected, there are six 
peaks of curve that exceed this limit, which make excellent agreement with all damage cases. Overall, the results showed that 
the modal flexibility method is able to correctly locate the damaged element in deck and girders precisely. 
4.2 Modal Strain Energy Change (MSEC) 
Meanwhile, the first five associated mode shapes obtained from the eigenvalue analysis results of the FE analysis are used 
to calculate the MSEC.  Plots of MSEC on deck for damage cases 1 & 3 are shown in Figure 4(e) & (f). The peak values of the 
plots indicate the location of damage on the deck. Similarly with MFC, MSEC is able to detect and localize damage zones on 
deck precisely in all cases.  
The plots of MSEC along the twin-girders for damage cases 1, 3, 6 & 7 are shown in Figure 5(e)-(h) respectively. It is 
found that the curve for undamaged girders oscillates in a small range from 0.98 to 1.03 with mean position at 1. On the 
contrary, curve of damaged girders oscillates in a comparative large range from 0.98 to 1.11 with mean position at 1. 
A total of 14 MSEC curves corresponding to damaged and undamaged twin-girders in all damage cases are plotted in 
Figure 7 for comparison of amplitude. It is observed that damaged girders have higher maximum amplitude of curve compared 
to the undamaged girders. Due to this fact, a damage limit on the change of modal strain energy is defined at 1.03 in order to 
localize all damage zones on twin-girders. From the observation, there are only five peaks of curve exceeded this defined limit, 
which means 1 damage zone is missed. Overall, the results showed that the modal strain energy method is less competent to 
locate the damaged element in deck and girders compared to the modal flexibility method. 
4.2 Identification Result Findings 
The general observations resulting from this study are: 
It is possible to distinguish between deck damage and girder damage by observing the sign of fundamental frequency 
change ratios between undamaged and damaged structure. Deck damage causes a decrease in the fundamental frequency, while 
girders damage cause an increase in the fundamental frequency. It is also found that the fundamental frequency change ratio 
between undamaged and damaged structures depends on the severity of damage and location. 
In addition, it is also possible to distinguish between healthy and damaged state of deck and localise their corresponding 
damage zone by observing the sinusoidal pattern and amplitude of the plotted curve from the two proposed damage algorithms. 
Clear peaks of curves indicate the damage locations on the deck, while random distribution of damage indicators implies no 
damage occurs on the deck. In order to distinguish between healthy and damaged state of girder and localise their 
corresponding damage zone, damage limit is defined which depends on the damage extent to be detected. Peaks of plotted 
curve that exceed the defined damage limit, mean damages occur at that corresponding locations along the girder. In addition, 
smooth half-sine curves plotted by MFC method imply the intact state of deck. It is also found that twin-girders are always 
vibrated in the same phase from the plot of MSEC in all damage cases. 
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Figure  4.  Modal flexibility change (Left) & Modal strain energy based damage index (Right) on slab 
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Figure  5.  Modal flexibility change (Left) & Modal strain energy based damage index (Right) on girders 
 
 
 
Figure  6.  Relationship between modal flexibility change and structural state of girders 
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Figure 7.  Relationship between modal strain energy based damage index and structural state of girders 
5  CONCLUSIONS   
This paper uses dynamic computer simulation techniques to develop and apply a multi-criteria based non-destructive 
damage detection methodology for slab-on-girder bridges. The proposed procedure involves two damage detection methods (1) 
Modal flexibility matrix and (2) Modal strain energy method, in addition to change in natural frequencies, all of which are 
evaluated from the results of free vibration analysis of the damaged and healthy structural models. As a starting point, changes 
in natural frequencies can be used to detect the presence of a state of damage, since this can be done from a single point 
measurement. Once the presence of damage is detected, modal flexibility method and modal strain energy method can be used 
to locate the damage in slab-on-girder bridges. The changes in modal flexibility matrix and modal strain energy between the 
undamaged structure and the damaged structure provide a basis for identification of localized damage. For cases involving 
detection of damage in deck, both methods produce similar results with no localization error. However, for cases involving 
detection of damage in girder, MFC shows competent capability than MSEC. It is also evident that peaks (or maxima) which 
exceed the defined damage limit in the plots of MFC & MSEC indicate the corresponding location of damage element 
reasonably well. The study also found that the damaged elements located near the supports of the bridge can also be localized 
precisely. It is concluded that applying modal flexibility method and modal strain energy method to slab-on-girder bridges 
provides sensitive, reliable and reasonable accuracy on multiple damage localization. As there are some discrepancies in both 
the (individual) damage assessment methods, a multi-criteria procedure incorporating the changes in natural frequency, modal 
flexibility change & modal strain energy change is required for accurate damage assessment, as evidenced through the 
examples treated in this paper. 
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